Spinal fusion has become a popular surgical approach to address various pathological conditions of the spine. In this technique, segmental spine fixation is achieved in order to relieve pain. To date most of these procedures rely on synthetic fixation devices rather than on a biological treatment. Mesenchymal stem cells are multipotent cells, which are present in the bone marrow and adipose tissue of adults, have been shown to induce bone formation in vivo. We have previously shown that spine fusion can be achieved by the direct injection of MSCs into the paraspinal muscles of mice (1,2). We have also previously investigated the nanobiomechanical properties of the engineered bone derived from MSCs, in ectopic bone fracture models (3, 4) . While these studies demonstrate the promise of a cell-based approach to spinal fusion, the functional (mechanical) efficacy of MSC-based fusion remained to be proven. This study thus aimed to characterize the fusion rigidity that can be achieved with MSC-based posterior spine fusion as compared to a model of metal-based fixation that simulates the current clinical state of the art. We hypothesized that genetically engineered MSC-based posterior spinal fusion would be mechanically comparable to metal pin-based fixation of the spine.
METHODS:
MSCs expressing the rhBMP-2 gene under tetracycline regulation (1) were mixed with fibrin gel (Tissel TM kit, Baxter AG, Viena, Austria) and injected bilaterally into the para-vertebral muscle of the lumbar spine of C3H mice. The BMP transgene was either inhibited by the addition of doxycycline (+DOX) to the mice drinking water or activated with the absence of DOX. Micro-computerized tomography scanning (µCT40, Scanco, Switzerland) was used to monitor bone formation in the paraspinal region for 5 weeks. Experimental groups (n=7 per group) included: I. Intact mouse spines; II. Spine injected with fibrin gel (FG) only; III. MSCs + DOX; IV. MSCs-DOX and V. Spines bilaterally fused with 0.8 mm stainless steel pins. Specimens were prepared for mechanical testing of the L2-L6 motion segment, which is analogous to the L1-L5 segment in humans. The intact spines were nondestructively tested in extension using a custom four-point bending fixture and a universal test machine (Zwick 1456, Ulm Germany). Spines were loaded with five loading cycles of 0.40 N at a rate of 0.10 N/s, which resulted in an applied bending moment of 1.1 Nmm. Load-displacement data from the final cycle and the test geometry were then used to approximate structural bending stiffness (EI) according to elastic beam theory. After verifying that data appeared to be normally distributed, Student T-tests of group means were used to compare fused groups, as well as control groups. Further, high-resolution images of loaded spine curvature were analyzed to extract individual spinal segment rigidity and thus quantify the effects of the applied fusions on adjacent spinal segments.
RESULTS SECTION:
The BMP-2 expressing MSCs (-DOX) formed prominent bilateral spinal fusion; where in all control groups (native spines, fibrin gel injected only, fibrin gel combined with MSCs, but +DOX, hence not expressing BMP2) no bone formation was observed. Structural parameters and bone mineral density of the new bone formation were obtained using micro-CT and compared to the posterior region of the native vertebrae in untreated mice. The bone forming experimental groups showed bilateral fusion of few lumbar vertebrae. The biomechanical tests showed that the MSC-mediated spinal fusion was as rigid as stainless steel pin-based fusion and significantly more rigid than all the control groups (Fig 2) . Optical analysis showed that distribution of spinal stiffness was similar in MSC (+BMP2) based fusion compared to steel pins, with the majority of spinal stiffness contribution from segment L2-L4 ( Fig. 3) but with slight stiffening of the adjacent segments compared to the natural spine (Fig. 2, Fig. 3 ). In addition, representative samples of the spines were processed using histological analysis. 
DISCUSSION:
Our data demonstrate for the first time that stem cell-induced spinal fusion can provide adequate biomechanical rigidity of a target segment that is comparable to simulated conventional fusion techniques. This study thus provides an important step toward establishing a novel injectable biological therapeutic system that may offer considerable advantages over conventional invasive surgical procedures.
